Bacterial heat-labile (LT) enterotoxins signal through tightly regulated interactions with host cell gangliosides. LT-IIa and LT-IIb of Escherichia coli bind preferentially to gangliosides with a NeuAcα2-3Galβ1-3GalNAc terminus, with key distinctions in specificity. LT-IIc, a newly discovered E. coli LT, is comprised of an A polypeptide with high homology, and a B polypeptide with moderate homology, to LT-IIa and LT-IIb. LT-IIc is less cytotoxic than LT-IIa and LT-IIb. We theorized that LT-IIc-host cell interaction is regulated by specific structural attributes of immune cell ganglioside receptors and designed experiments to test this hypothesis. Overlay immunoblotting to a diverse array of neural and macrophage gangliosides indicated that LT-IIc bound to a restrictive range of gangliosides, each possessing a NeuAcα2-3Galβ1-3GalNAc with a requisite terminal sialic acid. LT-IIc did not bind to GM1a with short-chain fatty acyl ceramides. Affinity overlay immunoblots, constructed to a diverse array of known ganglioside structures of murine peritoneal macrophages, established that LT-IIc bound to GM1a comprised of longchain fatty acyl ceramides. Findings were confirmed with LT-IIc also binding to GM1a of RAW264.7 cells, comprised of a long-chain fatty acyl ceramide. Thus, LT-IIcganglioside binding differs distinctly from that of LT-IIa and LT-IIb. LT-IIc binding is not just dependent on carbohydrate composition, but also upon the orientation of the oligosaccharide portion of GM1a by the ceramide moiety. These studies are the first demonstration of LT-ganglioside dependence upon ceramide composition and underscore the contribution of long-chain fatty acyl ceramides to host cell interactions.
Introduction
The type II heat-labile (LT) enterotoxins of Escherichia coli belong to a superfamily of bacterial toxins that include cholera toxin (CT) and LT-I (type I) and LT-II (type II) enterotoxins. While antigenically distinct, each enterotoxin acts by binding to ganglioside surface receptors on susceptible host cells. The capacity to bind to membrane gangliosides has been firmly correlated with the immunoregulatory properties of each enterotoxin.
Among LT-II enterotoxins, LT-IIa and LT-IIb are best characterized. LT-IIa binds to GD1b, GM1, GT1b, GQ1b, GM2, GD1a and GM3 (Fukuta et al. 1988) . LT-IIb binds with great affinity to GD1a, but not to GM1a, although both have a gangliotetraose core structure (Fukuta et al. 1988) . We recently determined that LT-IIb binds with a high degree of specificity to gangliosides with a NeuAcα2-3Galβ1-3GalNAc terminus, but requiring a terminal or penultimate sialic acid (Berenson et al. 2010) . Binding affinities were evenly distributed between N-acetyl neuraminic acid (NeuAc) and N-glycolyl neuraminic acid (NeuGc)-expressing gangliosides. However, specificity is tightly regulated and, with a single amino acid substitution, LT-IIb(T13I) binding shifts preferentially to NeuGc gangliosides, accompanied by diminished proinflammatory properties (Connell and Holmes 1995; Berenson et al. 2010) .
LT-IIc is a newly discovered E. coli enterotoxin, initially recovered from avian hosts (Nardi et al. 2005) . Cellular toxicities were established in vitro and structural and nucleotide sequences confirmed LT-IIc to be antigenically distinct, yet related to type II enterotoxins . Although only recently characterized, LT-IIc was the predominant type II LT in a diverse collection of enterotoxigenic E. coli isolates, suggesting that many uncharacterized LT-II enterotoxins are LT-IIc (Jobling and Holmes 2012) .
As with related LT toxins, LT-IIc is comprised of an AB 5 structure . The A polypeptide of LT-IIc exhibits relatively high amino acid sequence homology with the A polypeptides of LT-IIa and LT-IIb. However, the B polypeptide of LT-IIc has only moderate amino acid sequence homology with the B polypeptides of LT-IIa or LT-IIb. While LT-IIc elicits comparable concentrations of cyclic adenosine monophosphate (cAMP) from murine macrophages, compared with LT-IIa and LT-IIb, LT-IIc has approximately half the cytotoxic activity of LT-IIb and one-fourth the cytotoxic activity of LT-IIa . The discovery of LT-IIc suggests that additional members of the LT-II enterotoxin family are present in unexplored environmental niches Jobling and Holmes 2012) .
As with other type II enterotoxins, LT-IIc binds to gangliosides. Enzyme-linked immunosorbent assay (ELISA) studies demonstrated avid binding, restricted to GM1a, GM2, GM3 and GD1a. However, these preliminary studies were limited to gangliosides of commercial sources and had not yet been confirmed by thin-layer chromatographic (TLC) affinity binding . Related studies have discovered that commercial gangliosides lack some structural attributes of gangliosides of immunologic cells that can be critical to immune interactions. For example, the respiratory pathogen nontypeable Haemophilus influenzae binds to human gangliosides with a neolacto carbohydrate core structure, which is present in human macrophages and respiratory epithelial cells, but is absent in most commercial ganglioside preparations (Fakih et al. 1997; Berenson et al. 2005) .
We theorized that binding of LT-IIc to host cells is modulated by specific structural attributes of gangliosides of immune cells and designed experiments to test this hypothesis.
Results

LT-IIc-ganglioside binding
Conditions were optimized for the detection of LT-IIcganglioside binding by TLC overlay. Although 1% bovine serum albumin (BSA) was an ideal blocking agent for our studies with LT-IIb, background was unacceptably dark for the evaluation of LT-IIc binding, even with increasing concentrations of BSA. Background blocking was optimized with 2.5-5.0% non-fat dry milk ( Figure 1A ). In addition, specific recognition of GD1a, but not GD1b and GD3, was confirmed.
To confirm the specificity of LT-IIc binding to gangliosides on thin-layer chromatograms and to compare chromatographic binding to ganglioside binding in ELISA ), LT-IIc was bound by TLC affinity overlay to commercial bovine neural gangliosides (Figure 1) . A mixture of mono-sialogangliosides (GM1a, GM2 and GM3) and disialogangliosides (GD3, GD1a and GD1b), as well as asialoGM1 and GT1b, was used. LT-IIc demonstrated optimal binding to GD1a at 0.25-0.5 μg/mL ( Figure 1B ) and also bound to GM3 ( Figure 1B ). Control lanes, consisting of buffer alone, were included in each experiment and confirmed the absence of non-specific binding of buffer or blocking components to gangliosides ( Figure 1B) .
In contrast to ELISA results, LT-IIc failed to bind to GM1a and GM2 ( Figure 1B ). LT-IIc also failed to bind to asialoGM1, but had weak binding to GT1b ( Figure 1C) . Thus, LT-IIc TLC affinity binding studies further support specific ganglioside structures as receptors.
Binding to murine peritoneal macrophage gangliosides LT-IIc interacts with murine macrophages to elicit the intracellular production of cAMP ). Gangliosides of thioglycollate-elicited murine peritoneal macrophages are complex and are comprised of a diverse array of gangliosides, (A) A mixture of disialogangliosides was plated on a TLC plate and overlaid with LT-IIc. Blocking was performed with 1-3% BSA (lanes 1-3) and 2.5-5.0% non-fat dry milk (lanes 4 and 5) before being overlaid with LT-IIc. Ganglioside positions are noted on the right margin: a, GD3; b, GD1a; c, GD1b. (B) LT-IIc was overlaid on a mixture of mono-and di-sialogangliosides on TLCs at increasing concentrators (0.1-0.5 μg/mL) and affinity overlay immunoblots were made. Ganglioside positions are noted on the right margin: a, GM3; b, GM2; c, GM1a; d, GD3; e, GD1a; f, GD1b. Gangliosides were also overlaid with buffer alone (lane 4) to confirm the absence of non-specific binding. (C) LT-IIc was overlaid on a, asialoGM1; b, GM1a; c, GD1a; d, GD1b; e, GT1b. Ganglioside positions are noted on the left margin. Autoradiographs were developed as detailed in Materials and methods. Glycosphingolipid nomenclature is according to Svennerholm (Svennerholm 1963 beyond those available from commercial sources. Further, the individual structures of each are well characterized (Yohe et al. 1991 (Yohe et al. , 1997 and include not only diversity in carbohydrate structure but also diversity of ganglioside sialylation, with both NeuAc and NeuGc, and diversity in ceramide composition. Each is identified by ellipses in the schematic diagram in Figure 2B that correspond to gangliosides of the TLC plate (Figure 2A ). To determine specificity of binding to the array of structures in murine peritoneal macrophage gangliosides, LT-IIc was overlaid on TLC preparations (Figure 2A ). LT-IIc bound to the majority of murine macrophage gangliosides and, as expected from our earlier studies, had high affinity binding for all species of GD1a and GM3. However, LT-IIc also bound to GM1a (asterisk), but did not bind to GM2 (doubleasterisk) ( Figure 2C ). Previously unrecognized LT-IIb-binding gangliosides included GM1b and GD1α. For all gangliosides to which it bound, LT-IIc did not demonstrate preferential affinity for either NeuAc or NeuGc glycoconjugates of any gangliosides.
These data indicate that LT-IIc binds predominantly to gangliosides of murine macrophages possessing a NeuAcα2-3Galβ1-3GalNAc terminus, provided that the sialic acid moiety is the terminal sugar. However, in contrast, to ELISA studies and TLC affinity studies with neural gangliosides, LT-IIc did bind to GM1a, which lacks a terminal sialic acid.
Binding to RAW264.7 cell gangliosides GM1a of murine macrophage gangliosides, which bound LT-IIc, differs structurally from GM1a of neural tissue by the composition of its ceramide moiety. Commercial GM1a of bovine neural tissue has ceramide comprised predominantly of C18 (stearic acid) fatty acids, whereas GM1a of murine macrophages is comprised of ceramides with C16 and C24 fatty acids (Yohe et al. 1991 (Yohe et al. , 1997 . The relatively close grouping of gangliosides of thioglycollate-elicited murine macrophages on TLC may make discriminations between adjacent ganglioside peaks difficult. However, RAW264.7 cells have a simpler ganglioside pattern. We have previously characterized the two major gangliosides of RAW264.7 cells ( Figure 3A ) by enzymatic degradations and mass spectroscopy, as GM1a and GD1a. Each molecule has ceramides, comprised of C18 sphingosine and both C16 and C24 fatty NeuGc-containing gangliosides. Numbers in the schematic diagram (B) correspond to structures: 1α, GD1α-NeuGc; 2α, GD1α-NeuAc/NeuGc; 3α, GD1α-NeuAc; 1, GD1a-NeuGc; 2, GDla-NeuAc/NeuGc; 3, GD1a-NeuAc; 4, GM1b-NeuGc; 5, GM1a-NeuGc; 6, GM1b-NeuAc; 7, GM1a-NeuAc; 8, GM2-NeuGc; 9, GM2-NeuAc; 10, GM3-NeuGc; 11, GM3-NeuAc. Three large ellipses outline peaks 5 and 7 (GM1a, asterisk) and peaks 8 and 9 (GM2, double-asterisk) on the schematic diagram and correspond to positions of identical large ellipses on the thin-layer chromatogram (A) and autoradiograph (C). Arrows and numbers in the right lower corner indicate the directions of first and second solvent runs. The origin is denoted by a dot in the lower right corner. Ganglioside standards, run in each dimension, are noted along the top (Solvent 1) and left (Solvent 2) margins of each panel and are as specified in Figure 1 (B). The schematic (B) was reproduced from Yohe et al. (1997) , by permission of Oxford University Press.
LT-IIc-ganglioside binding acid chains, identical to the structure of GM1a and GD1a of murine macrophage gangliosides (Berenson et al. 2010) .
To further confirm the interaction of LT-IIc with GM1a, LT-IIc was overlaid on purified RAW264.7 cell gangliosides on TLCs, including GM1a (solid arrow) and GD1a (dotted arrow) ( Figure 3A ). LT-IIc bound avidly to all gangliosides of RAW264.7 cells, but notably to GM1a ( Figure 3B ). Thus, GM1a of murine macrophages and RAW264.7 cells, comprised of C16 and C24 fatty acyl ceramides, bound LT-IIc.
Binding to desialylated gangliosides
To determine if sialic acid is a critical component for LT-IIc-ganglioside binding, gangliosides were treated with C. perfringens sialidase before binding. Concomitant incubation of gangliosides with buffer alone did not cause degradation ( Figure 4A , lane 2). Treatment of control samples showed that GM3, GD3, GD1a and GD1b, each possessing external sialic acids, were no longer detectable with resorcinol spray, whereas GM1a and GM2, each having internal sialic acids, remained resorcinol-positive ( Figure 4A , lane 1).
Desialylation effectively abrogated LT-IIc binding to GM3 ( Figure 4B , lane 1), whereas LT-IIc still bound to GD1a ( Figure 4B, lanes 2 and 3) . Thus, sialic acid is a critical component of the LT-IIc binding epitope and the removal of sialic acid did not unmask a binding site.
LT-IIc binding to ceramide glycanase degradation products of RAW264.7 cell gangliosides LT-IIc bound to GM1a of murine macrophages and RAW264.7 cells, but did not bind to GM1a of commercial bovine neural gangliosides, each differing in ceramide composition. To determine if LT-IIc exhibits specific binding affinity for the ceramide moiety of GM1a of RAW264.7 cells, purified RAW264.7 gangliosides were cleaved with ceramide glycanase into oligosaccharide ( Figure 5A ) and ceramide ( Figure 6A ) fractions.
(i) Oligosaccharides: Purity and completeness of enzymatic cleavage of enzyme-treated fractions were confirmed by TLC. The aqueous (carbohydrate-containing) fraction, analyzed on resorcinol-sprayed TLC plates, consisted of three bands with faster chromatographic mobilities than the sialyllactose standard ( Figure 5A ). Untreated (nondegraded) human macrophage gangliosides were run on the same TLC plate, to determine chromatographic position and confirmed the absence of any residual uncleaved substrate in the enzyme-treated samples. LT-IIc did not bind to purified oligosaccharides of RAW264.7 cells nor to sialyllactose ( Figure 5B ). (ii) Ceramides: The organic (ceramide-containing) fraction was analyzed on Coomassie blue-stained TLCs and displayed two separate bands ( Figure 6A , lane 1), consistent with ceramides comprised of two fatty acid chains (C16 and C24). Untreated (non-degraded) gangliosides were again included on the same TLCs, to determine chromatographic position, and confirmed the absence of any residual uncleaved substrate in enzyme-treated samples ( Figure 6A, lane 3) . Ceramide of bovine neural tissue, run on the same TLC, had chromatographic mobilities that were distinct from those of ceramide of human macrophage gangliosides, in this solvent system ( Figure 6A, lane 2) . Incubation of gangliosides with buffer alone caused no detectable degradation in components of either fraction. LT-IIc had no detectable binding to purified ceramides of RAW264.7 cells or to ceramides of neural tissue ( Figure 6B ).
Thus, LT-IIc binding to GM1a is not specifically directed at either the individual oligosaccharide or ceramide components of GM1a, but requires the intact GM1a molecule.
Discussion
This is the first investigation of the ganglioside-binding specificities of newly discovered E. coli enterotoxin LT-IIc. Gangliosides function as receptors for a diverse array of bacteria and bacterial products (Hakomori 2000) . While perhaps best established as receptors for CT, gangliosides are critical ligands for E. coli LT enterotoxins, including LT-I, LT-IIa and LT-IIb (Bennett and Cuatrecasas 1975; Fukuta et al. 1988) .
Our recent studies indicated that LT-IIb has a broader array of ganglioside receptors than was previously described (Fukuta et al. 1988; Berenson et al. 2010 ). Both LT-IIa and LT-IIb bind to gangliosides with a NeuAcα2-3Galβ1-3GalNAc motif. Yet, subtle differences in binding specificities among various LT enterotoxins are evident. While LT-IIb-binding gangliosides do not require NeuAcα2-3Galβ1-3GalNAc as a terminal sequence, they do require a terminal or penultimate single sialic acid. It was not surprising that LT-IIc, which shares considerable homology with LT-IIa and LT-IIb, also bound to ganglioside receptors exhibiting a NeuAcα2-3Galβ1-3GalNAc terminus (Figure 7) . Although LT-IIc was isolated from avian hosts, whose cells express greater relative quantities of NeuGc than do human cells (Schauer et al. 2009 ), LT-IIc did not demonstrate preferential binding to either NeuGc-or NeuAc-expressing gangliosides. NeuGc is prominent on cell surface glycoconjugates in most vertebrates, among whom the notable exception is humans (Varki 2009 ). The lack of discrimination between NeuAc and NeuGc gangliosides exhibited by LT-IIc implies a capability to infect non-avian species, including humans.
However, key differences between LT-IIb-and LT-IIcganglioside binding are apparent. Although LT-IIc preferentially binds to the NeuAcα2-3Galβ1-3GalNAc motif, the presence of sialic acid on the terminus appears critical to high-affinity binding (Figure 7 ). For example, the addition of an extra terminal NeuAc in GD3 interfered with LT-IIc binding.
A distinct feature of LT-IIc-ganglioside interactions is the role of conformational factors, requiring specific orientation. For example, GD1a bound LT-IIc equally well in ELISA and on thin-layer chromatograms, irrespective of ceramide composition. In contrast, GM2 of neural tissue bound LT-IIc in ELISA LT-IIc-ganglioside binding ). Yet, GM2, from both bovine neural tissue and murine macrophages, failed to bind LT-IIc on TLC.
Perhaps, most notable is the variability of interaction between GM1a and LT-IIc. GM1a, the major receptor for CT, lacks the terminal sialic acid that appears critical for LT-IIc-ganglioside binding. GM1a of bovine neural tissue failed to bind LT-IIc on TLC. Yet, LT-IIc bound readily to GM1a of murine macrophages, despite the oligosaccharide sequence. LT-IIc did not bind to asialoGM1; thus, the removal of sialic acid does not unmask an LT-IIc-binding epitope. GM1a of bovine neural tissue and murine macrophages possesses identical oligosaccharide sequences. But, GM1a of bovine neural tissue expresses predominantly ceramide with relatively truncated C18 fatty acid chains (Matreya LLC). In contrast, the ceramide moiety of GM1a of murine macrophages expresses not only C16 fatty acid chains, but longchain (C24) fatty acids (Yohe et al. 2001; Berenson et al. 2010) . To confirm the validity of our initial findings with murine macrophage gangliosides, we extended experiments to gangliosides of RAW264.7 cells that also express GM1a with the same C16/C24 fatty acyl ceramide structure as that of murine macrophages (Berenson et al. 2010) .
In addition to CT, individual E. coli LT enterotoxins have adapted to bind to specific glycosphingolipid molecules (Fukuta et al. 1988; Berenson et al. 2010) . Moreover, the range of ganglioside receptors for each toxin correlates with patterns of immune responsiveness. For example, although the B polypeptides of LT-IIa, LT-IIb and LT-IIc share considerable sequence homology, LT-IIc has distinctly less cellular toxicity . The distinct immunologic outcomes may be related to the capacity of LT-IIc to signal through ganglioside receptors that are comprised of long-chain fatty acyl ceramides.
We suspect that GM1a comprised of long-chain fatty acyl ceramides results in alterations of membrane microdomains that may modify the expression of pattern recognition receptors such as Toll-like receptors (TLRs; Iwabuchi et al. 2010) . Gangliosides have long been recognized as having key interactions with the innate immune system. Lipopolysaccharide-induced macrophage ganglioside expression and surface accessibility are dramatically altered with the modification of TLR4-dependent downstream events (Yohe et al. 1991; Macala and Yohe 1995) . TLR2 acts in concert with ganglioside coreceptors to mediate LT-IIb signaling (Hajishengallis et al. 2005; Liang et al. 2007) . A TLR2 interactive motif is found in both LT-IIb and LT-IIc . Our results suggest that ganglioside co-reception for LT-IIc might be facilitated by long-chain fatty acyl ceramides. We further theorize that long-chain fatty acyl ceramide alters the orientation and surface accessibility of carbohydrates of GM1a to facilitate LT-IIc binding.
Therefore, although LT-IIc-ganglioside interactions share some features with LT-IIa and LT-IIb binding, fundamental differences exist. While LT-IIc binds to similar ganglioside sequences as LT-IIb, the dependence of LT-IIc upon the conformation of the ganglioside receptor and ceramide composition provides LT-IIc with a less restricted, distinct repertoire of ganglioside receptors.
Study of ganglioside-protein interactions has traditionally focused on the contribution of the oligosaccharide moiety of gangliosides (Schengrund 1995) . However, increasing evidence has highlighted the contribution of long-chain fatty acyl ceramides, not only to glycosphingolipid-protein interactions (Kronke 1999) , but also to membrane organization and function of immune cells (Iwabuchi et al. 2008; Sonnino et al. 2009 ). Although the structure of the sphingosine chain (C18) of ceramide is relatively well conserved among mammalian species, the fatty acyl chain has remarkable heterogeneity. We have determined that ceramides comprised of long-chain fatty acids are conspicuously prevalent in glycosphingolipids of human immune cells, notably macrophages (Yohe et al. 2001) . We hypothesize that this structural trait makes macrophages more likely targets for LT-IIc than tissues lacking long-chain fatty acyl ceramide gangliosides. Moreover, long-chain fatty acyl ceramides hold unique immunologic roles (Berenson et al. 2002) . For example, ceramides with long-chain fatty acids in respiratory epithelial cells promote Pseudomonas infection in a murine model of cystic fibrosis (Teichgraber et al. 2008) . Neutrophils with glycosphingolipids comprised predominantly of long-chain fatty acids (C24) retain differences in membrane microdomains, resulting in associations with Src kinases. These distinctions in the glycosphingolipid fatty acid chain length may promote adherence and phagocytosis of bacteria, likely related to modifications in intracellular signal transduction (Iwabuchi et al. 2010) .
Studies of immunologic interactions of glycosphingolipids often rely upon exogenous, commercially available compounds, derived from neural tissue. Our investigation adds support for the use of endogenous glycosphingolipids of immune cells for studies of glycosphingolipid immunoregulation. Specificity of structure has long been recognized as a critical component in ganglioside-protein associations (Osborne et al. 1982; Campanero-Rhodes et al. 2007 ). Our findings of dependence of the interaction of LT-IIc and GM1a upon specific ceramide structure are the first demonstration of the role of ceramide in E. coli enterotoxin-ganglioside recognition and exemplify the critical nature of specificity of structure to ganglioside-protein interactions.
Materials and methods
Reagents
Eagle's minimum essential medium (MEM), fetal bovine serum (FBS) and trypsin-ethylenediaminetetraacetic acid were purchased from Gibco (Grand Island, NY). Purified bovine brain gangliosides were purchased from Matreya LLC (Pleasant Gap, PA).
All organic solvents were of the standard analytical highperformance liquid chromatographic grade (Baker Chemical Co., Phillipsburg, NJ). All chemicals were standard analytical reagent quality. High-performance silica gel 60 TLC plates were purchased from E. Merck, Darmstadt, Germany. Cells RAW264.7 cells were purchased from the American Type Culture Collection (Rockville, MD). Murine peritoneal gangliosides were obtained from 8-week-old C3H/HeN mice as described previously (Fakih et al. 1997) . Mice were euthanatized 4 days after intraperitoneal injection of 1 mL of 10% thioglycollate broth per mouse. Cells were recovered by peritoneal lavage with Hank's balanced salt solution. Cell suspensions were centrifuged at 10°C at 1000 RPM (200 × g) for 10 min and then resuspended. Approximately 2.5 × 10 7 cells in 10 mL of MEM/10% FBS were incubated on glass Petri dishes for 90 min at 37°C with 5% CO 2 to permit adherence of macrophages. Adherent cells were washed with phosphate-buffered saline (PBS) to remove non-adherent cells then rinsed with 0.31 M pentaerythritol to remove excess salts and gangliosides were extracted.
Purification of gangliosides
Total lipids were extracted from cells with chloroform:methanol (1:1, v/v) and sonication. Gangliosides were purified from the total lipid extract, as described previously (Yohe and Ryan 1986; Berenson et al. 1989) . In brief, ganglioside-containing acidic lipids were eluted through a 3-mL column of diethylaminoethanol-Sephadex A-25 (Sigma Chemical Co., St Louis, MO) and dried by rotary evaporation and hydrolyzed with 0.1 N NaOH at 37°C for 90 min. Samples were neutralized with 0.1 N HCl and desalted on a reverse phase silica gel column (SepPak, Waters Assoc., Waltham, MA). Samples were applied to a 2-3-mL column of Iatrobeads 6RS-8060 (Iatron Laboratories, Tokyo, Japan) in chloroform:methanol (85:15, v/v) . After the elution of less polar lipids, the total ganglioside fraction was eluted with chloroform:methanol (1:2, v/v) and dried by rotary evaporation.
Thin-layer chromatography
Purified gangliosides were run in one or two dimensions on TLC plates in chloroform:methanol:0.25% KCl (50:45:10; Solvent 1) and, after rotating the TLC plate 90°counterclock-wise, in chloroform:methanol:0.25% KCl in 2.5 N NH 4 in 0.25% aqueous KCl (50:40:10; Solvent 2). TLC plates run in one dimension were run in Solvent 1. Distinct ganglioside peaks were visualized by heating the TLC plates to 92-94°C after spraying with resorcinol reagent (Yohe and Ryan 1986; Berenson et al. 1989) .
Purified oligosaccharides were detected by resorcinol spraying on TLC run in n-butanol:acetic acid:H 2 O (2:1:1, v/v/v) for 80 min. Ceramides were detected on TLC run in chloroform:methanol (9:1, v/v) for 20 min and developed with Coomassie Brilliant blue (Berenson et al. 2002) .
TLC affinity overlay
Semi-quantitative binding of toxins to gangliosides on TLC plates was determined by a modified immunoblotting method (Magnani et al. 1980) . Briefly, TLC chromatograms were immersed for 1 min in 0.1% polyisobutylmethacrylate dissolved in hexane, blocked with 2.5% non-fat dry milk in PBS for 30 min and overlaid with 0.25-0.5 µg/mL of LT-IIc in PBS for 1 h. After removing unbound enterotoxin with serial rinses of PBS, plates were overlaid with polyclonal rabbit LT-IIc-ganglioside binding anti-LT-IIc antiserum (1:5000) and with horseradish peroxidase-conjugated goat anti-rabbit IgG antiserum (1:8000; Southern Biotech, Birmingham, AL) sequentially, each for 1 h, and then placed on XAR-5 X-ray film (Kodak, Rochester, NY). Film was developed using enhanced chemiluminescence (Perkin-Elmer Life Sciences, Boston, MA) as described previously (Arnsmeier and Paller 1995) .
Sialidase degradation of gangliosides A mixture of mono-and di-sialogangliosides containing 5-10 µg sialic acid were incubated with Clostridium perfringens sialidase (2 U/mL; Sigma Chemical Co.) in 0.5 mL of 50 mM sodium citrate-phosphate buffer, pH 5.5, at 37°C, for 2 h, as described previously (Berenson et al. 2010) . A duplicate sample of equal quantity of gangliosides was incubated in buffer alone. Reactions were terminated by addition of 0.1 M NaOH, neutralized with 0.1 M HCl, desalted on SepPak (Waters Assoc.) columns and evaluated on TLC for hydrolytic products, with resorcinol. The presence of resorcinol-negative spots on sialidase-treated samples was confirmed on TLCs, by reversible staining with iodine vapor, prior to resorcinol spraying (Berenson et al. 2002) . Efficacy of enzymatic activity was determined with gangliosides with sialidase-susceptible external sialic acid residues (GM3, GD3, GD1a and GD1b) and gangliosides with sialidase-resistant internal sialic acid residues (GM1a and GM2), respectively (Matreya LLC).
Ceramide glycanase degradation of gangliosides Purified gangliosides (5-7 μg) of RAW264.7 cells were incubated in 0.2 U of Macrobdella decora ceramide glycanase (V-Labs, Covington, LA), as detailed previously (Berenson et al. 2002) . Gangliosides were incubated with enzyme in 200 μL of 50 mM sodium acetate buffer, pH 4.5, with 0.75 μg/μL of sodium cholate (37°C, 16 h). The reaction was terminated with five volumes of chloroform:methanol (2:1, v/v). Cleaved products were separated into lower (ceramidecontaining) and upper (carbohydrate-containing) phases by gentle centrifugation, which were separated and dried. The carbohydrate-containing phase was additionally rinsed with chloroform:methanol (2:1) to optimize purity. Both fractions were analyzed on TLC run in specific solvents, as detailed in Purification of gangliosides. The absence of the uncleaved sialylated substrate was verified by running the ceramidecontaining phase on TLC in chloroform:methanol (9:1) and developing with resorcinol spray.
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